Lignin changes during plant growth were investigated in a selected Eucalyptus globulus clone. The lignin composition and structure were studied in situ by a new procedure enabling the acquisition of two-dimensional nuclear magnetic resonance (2D-NMR) spectra on wood gels formed in the NMR tube as well as by analytical pyrolysis-gas chromatography-mass spectrometry. In addition, milled-wood lignins were isolated and analyzed by 2D-NMR, pyrolysis-gas chromatography-mass spectrometry, and thioacidolysis. The data indicated that p-hydroxyphenyl and guaiacyl units are deposited at the earlier stages, whereas the woods are enriched in syringyl (S) lignin during late lignification. Wood 2D-NMR showed that b-O-4# and resinol linkages were predominant in the eucalypt lignin, whereas other substructures were present in much lower amounts. Interestingly, open b-1# structures could be detected in the isolated lignins. Phenylcoumarans and cinnamyl end groups were depleted with age, spirodienone abundance increased, and the main substructures (b-O-4# and resinols) were scarcely modified. Thioacidolysis revealed a higher predominance of S units in the ether-linked lignin than in the total lignin and, in agreement with NMR, also indicated that resinols are the most important nonether linkages. Dimer analysis showed that most of the resinol-type structures comprised two S units (syringaresinol), the crossed guaiacyl-S resinol appearing as a minor substructure and pinoresinol being totally absent. Changes in hemicelluloses were also shown by the 2D-NMR spectra of the wood gels without polysaccharide isolation. These include decreases of methyl galacturonosyl, arabinosyl, and galactosyl (anomeric) signals, assigned to pectin and related neutral polysaccharides, and increases of xylosyl (which are approximately 50% acetylated) and 4-O-methylglucuronosyl signals.
Plant cell walls are composed mainly of three structural polymers, the carbohydrates cellulose and the hemicelluloses and the aromatic polymer lignin. The lignin polymer provides mechanical support to the plant. In addition, it waterproofs the cell wall, enabling transport of water and solutes through the vascular system, and plays a role in protecting plants against pathogens. Lignin is a complex polymer synthesized mainly from three hydroxycinnamyl alcohols differing in their degree of methoxylation: p-coumaryl, coniferyl, and sinapyl alcohols (Higuchi, 1997; Boerjan et al., 2003; Ralph et al., 2004a) . Each of these monolignols gives rise to a different type of lignin unit called p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, respectively, when incorporated into the polymer. The amount and composition of lignins vary among taxa, cell types, and individual cell wall layers and also with environmental conditions. Softwood lignin consists almost exclusively of G-type lignin, while hardwood lignin also consists of S units (H units being minor components). After their synthesis, the lignin monomers are transported to the cell wall, where they are polymerized in a combinatorial fashion by free radical coupling mechanisms in a reaction mediated by peroxidases and/or laccases, generating a variety of structures and linkages within the polymer (Boerjan et al., 2003; Ralph et al., 2004a) . Wood (secondary xylem) is produced seasonally at the periphery of the trunk by the vascular cambium (Déjardin et al., 2010) . Lignin deposition is one of the final stages of xylem cell differentiation and mainly takes place during secondary thickening of the cell wall. Lignification starts in the middle lamella and cell corners and proceeds toward the lumen, filling up pores in the already deposited polysaccharide network (Donaldson, 2001; Boerjan et al., 2003) . The relative abundance of the different linkages formed depends on the relative contribution of the particular monomers to the polymerization process as well as on steric hindrances and chemical interactions in the growing wall. Therefore, the differences in the timing of monolignol deposition and the changes in cell wall ultrastructure during growth would regulate lignin composition and structure during lignification.
A main challenge in elucidating the structure of lignins is in obtaining high-yield isolation from wood in a chemically unaltered form (the same applies to hemicellulose polysaccharides). Several lignin isolation procedures have been developed, but it is well recognized that the different procedures, including the reference milled-wood lignin (MWL), yield only a part of the native lignin in wood and may not be representative of the whole lignin. Indeed, it has also been demonstrated that MWL can undergo some structural modifications during isolation, especially during the milling process, and often contains some amount of "contaminating" compounds (such as lignin-linked carbohydrates; Fujimoto et al., 2005; Guerra et al., 2006; Hu et al., 2006; Balakshin et al., 2008) . Because lignin is intimately interpenetrating the other major components (cellulose and hemicelluloses), it is obvious that its truly native form can only be studied by analytical methods applicable directly on the whole plant material. For this purpose, in this paper, the wood samples were analyzed in situ by two-dimensional (2D)-NMR spectroscopy and pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS). The use of these techniques avoids isolation procedures that may lead to partial or modified polymer extraction. For in situ NMR analyses, a recent approach has been developed that consists of swelling finely ground plant material in deuterated dimethyl sulfoxide (DMSO-d 6 ; Kim et al., 2008; Rencoret et al., 2009) or DMSO-d 6 :pyridine-d 5 (4:1; Kim and Ralph, 2010) and forming a gel directly in the NMR tube, which is readily amenable to NMR analysis. Heteronuclear single quantum correlation (HSQC) NMR of these gels has been shown to be an efficient method for the rapid in situ analysis of lignin in plants without the need of prior isolation. The method requires only low amounts of sample and can be used for rapid characterization of the major structural features of plant lignins (i.e. interunit linkages and H-G-S composition), also providing information on the hemicellulose polysaccharides. Py-GC-MS is another powerful tool for the in situ characterization of plant constituents, especially lignin (Ralph and Hatfield, 1991; Rodrigues et al., 1999; del Río et al., 2005; Rencoret et al., 2007) . Wood lignin is pyrolyzed to produce a mixture of relatively simple phenols, which result from cleavage of ether and certain carboncarbon linkages. These phenols retain their substitution patterns from the lignin polymer, and it is thus possible to identify compounds from the H, G, and S lignin units.
The aim of this paper is to elucidate the changes produced in the composition and structure of the lignin in eucalypt wood with maturation and includes analyses of young plants and adult trees. This knowledge is important not only for providing additional insight into the mechanisms of lignin deposition but also for the industrial processing of wood for pulp, chemical, or biofuel production, as the lignin composition and structure greatly influence the delignification reactions (González-Vila et al., 1999; del Río et al., 2005) . For this purpose, samples of Eucalyptus globulus wood from the same clone (to avoid genetic variations within species) were collected at different stages of growth (1 month, 18 months, and 9 years) and the composition and structure of their lignins were thoroughly investigated. A combination of the abovementioned 2D-NMR and Py-GC-MS of whole wood samples was used for the in situ study of lignin changes. In order to obtain further insights into their structures and compare with the results from the in situ analyses, MWL was also isolated from the different woods and analyzed by NMR, pyrolysis, and thioacidolysis. As far as we know, this is the first report describing in situ structural analyses of wood lignin during tree growth using a combination of 2D-NMR and other techniques.
RESULTS AND DISCUSSION
After a general analysis of wood composition in E. globulus plants of different ages (young and adult trees from a clonal plantation), the changes in lignin (and hemicellulose) during growth were analyzed in situ by a combination of Py-GC-MS and 2D-NMR of whole wood, and the results were compared (and complemented) with those obtained from lignins (MWL) isolated from the same samples.
Wood Composition during Eucalypt Growth
The contents of the main wood constituents (i.e. acetone extractives, water-soluble material, Klason lignin, acid-soluble lignin, crystalline cellulose, amorphous glucan, xylan, arabinan, galactan, mannan, rhamnan, fucan, total uronic acids, and ash) in the selected E. globulus clone at different stages of growth are summarized in Table I . The total lignin content (Klason lignin plus acid-soluble lignin) increased during growth (from 16% in the 1-month-old sample to 25% in the 9-year-old wood), whereas the content of other constituents (namely acetone extractives, water-soluble material, and ash) decreased with maturity. Interestingly, there is also a great variation in the composition of polysaccharides (from neutral sugar analysis) during maturation, with a depletion of Ara, Gal, and Man and a progressive enrichment of Xyl. The amount of crystalline cellulose has the highest content (37%) after 18 months, while that of amorphous glucan was lower and showed a progressive increase during growth. Finally, the uronic acid content was the highest after 1 month (7%) and showed only a moderate decrease during growth. Variations in the uronic acid nature during growth are discussed after the NMR analyses below.
Py-GC-MS of Whole Woods and Their Isolated Lignins
Py-GC-MS, although not a fully quantitative technique, has been successfully used to analyze the relative H-G-S composition of lignin in different hardwoods, including eucalypt wood (Rodrigues et al., 1999; Yokoi et al., 1999 Yokoi et al., , 2001 del Río et al., 2005; Rencoret et al., 2007 Rencoret et al., , 2008 . Pyrograms from the eucalypt wood samples after different growth periods and their corresponding MWLs are shown in Figures 1 and 2, and the identities and relative molar abundances of the released lignin-derived compounds are listed in Table II. The pyrolysis of the different eucalypt woods released both carbohydrate-and lignin-derived compounds. Among the latter, guaiacol-and syringol-type phenols, derived from the G and S lignin units, were identified, including guaiacol (compound 2), 4-vinylguaiacol (8), syringol (11), 4-methylsyringol (14), 4-vinylsyringol (22), 4-allylsyringol (25), trans-4-propenylsyringol (32), syringaldehyde (34), and trans-sinapaldehyde (49). In addition, significant amounts of compounds derived from H lignin units, such as phenol (1), methylphenols (3 and 4), and dimethylphenol (6), could be detected after pyrolysis of the youngest wood, although some of them can also derive from polysaccharides (Ralph and Hatfield, 1991) . The H-G-S composition of the lignin in the different woods, obtained from the molar areas of all the lignin-derived compounds, is shown in Table II . In all samples, the S-type phenols were released in higher abundances than the respective G-type phenols, with a S-G ratio ranging from 1.4 in the youngest wood to 3.8 in the oldest wood. The amount of H-type compounds from the youngest wood (9%) decreases during maturation (to only 2% in the oldest wood). This indicates that H units are deposited first, followed by G and then S units, in agreement with previous microautoradiography and microspectroscopy studies in other plants (Terashima et al., 1986 ). An increase of lignin S-G ratio with plant maturity has also been reported after Py-GC-MS of nonwoody fibers (Mazumder et al., 2005) . This difference in timing of monolignol deposition would also be responsible for the within-tree variation of the S-G ratio observed in Eucalyptus camaldulensis wood (Ona et al., 1997; Yokoi et al., 1999) .
Pyrolysis of the MWLs isolated from the different E. globulus woods (Fig. 2) released a similar distribution of lignin-derived compounds as from their respective woods, although the content of H units was lower (Table II) . This is especially evident in the case of the MWL isolated from the 1-month-old wood. However, we must note that MWL may reflect only the most accessible part of the native lignin in the plant, which may be depleted in highly condensed H lignin units. In any case, the same trend observed in the pyrolysis of woods, which indicates an increase of S lignin units and a decrease of H and G lignin units with maturity, was also observed in the pyrolysis products of MWL, supporting the in situ analysis and confirming a monolignol deposition order of H, G, and then S during E. globulus lignification.
2D-NMR of Wood Gels and Their Isolated Lignins
The eucalypt wood samples from different growing periods were analyzed by 2D-NMR (in the gel state) to overcome the drawbacks associated to polymer isolation, namely low yield and artifact formation, and the spectra were compared with those from the lignins (MWL) isolated from the same woods.
The HSQC spectra of the different woods, and their MWLs, are shown in Figures 3 and 4 . Carbohydrate signals were predominant in the spectra of the whole wood. They included correlations in the range d C /d H 60 to 85/2.5 to 5.5, which partially overlapped with lignin signals, and the well-resolved anomeric correlations in the range d C /d H 90 to 110/3.5 to 6.0. However, lignin signals were also clearly observed in the HSQC spectra, including that of the youngest wood with the lowest lignin content. On the other hand, the spectra of the MWL presented mostly lignin signals that, in general terms, matched those observed in the HSQC spectra of the woods.
Lignin and carbohydrate contours in the HSQC spectra were assigned by comparison with the literature (Ä mmälahti et al., 1998; Ralph et al., 1999 Ralph et al., , 2004b Capanema et al., 2001 Capanema et al., , 2004 Capanema et al., , 2005 Balakshin et al., 2003 Balakshin et al., , 2005 Liitiä et al., 2003; Ha et al., 2005; Golovchenko et al., 2007; Ibarra et al., 2007a Ibarra et al., , 2007b del Río et al., 2008 del Río et al., , 2009 Kim et al., 2008; Rencoret et al., 2008 Rencoret et al., , 2009 Ç etinkol et al., 2010; Kim and Ralph, 2010; Ralph and Landucci, 2010) . The main lignin correlation assignments are listed in Table III , and the main lignin substructures found in the different eucalypt woods are depicted in Figure 5 . The assignments of the main carbohydrate signals are listed in Table IV . The side chain region of the spectra gave useful information about the interunit linkages present in lignin. All the spectra showed prominent signals corresponding to b-O-4# ether units (substructure A). The C a -H a correlations in b-O-4# substructures were observed at d C /d H 71 to 72/4.7 to 4.9 ppm, while the C b -H b correlations were observed at d C /d H 84/4.3 and 86/4.1 ppm for substructures linked to G and S units, respectively. The C g -H g correlations in b-O-4# substructures were observed at d C /d H 59/3.4 and 3.7 ppm, partially overlapped with other signals. In addition, strong signals for resinol (b-b#) substructures (B) were observed in all spectra, with their C a -H a , C b -H b , and the double C g -H g correlations at d C /d H 85/4.7, 54/3.1, and 71/3.8 and 4.2, respectively. Phenylcoumaran (b-5#) substructures (C) were also found, although in lower amounts, the signals for their C a -H a and C b -H b correlations being observed at d C /d H 87/5.5 and 54/ 3.5, respectively, and that of the C g -H g correlation overlapping with other signals around d C /d H 63/3.7. Finally, small signals corresponding to spirodienone (b-1#/a-O-a') substructures (D) could also be observed in the spectra, their C a -H a , C a# -H a# , C b -H b , and C b# -H b# correlations being at d C /d H 82/5.1, 87/4.4, 60/2.8, and 79/4.1, respectively. Other small signals observed in the side chain region of the HSQC spectra
substructures bearing a C a carbonyl group (F) and the C g -H g correlation (at d C /d H 62/4.1) assigned to p-hydroxycinnamyl alcohol end groups (I). The HSQC spectra of the isolated MWL also reflected the same side chain signals observed in the spectra of the whole woods, although they were better resolved and some new signals were observed. These included small signals corresponding to C b -H b correlations (at Lundquist, 1987) that were observed only in the MWL spectra. Some aliphatic (nonoxygenated) crosssignals appeared in the d C /d H 10 to 40/0.5 to 2 ppm region (not included in Fig. 4 ), which were especially abundant in the 1-month sample and could include Figure 1 . Py-GC-MS chromatogram of the E. globulus wood samples at different growth stages. The numbers refer to the lignin-derived compounds, whose identities and relative abundances are listed in Table II . Letters refer to the carbohydrate-derived compounds: a, hydroxyacetaldehyde; b, (3H)-furan-2-one; c, (2H)-furan-3-one; d, furfural; e, 2-hydroxymethylfuran; f, 2,3-dihydro-5-methylfuran-2-one; g, 5-methyl-2-furfuraldehyde; h, (5H)-furan-2-one; i, 4-hydroxy-5,6dihydro-(2H)-pyran-2-one; j, 2-hydroxy-3-methyl-2-cyclopenten-1-one; k, 5-hydroxymethyl-2-furfuraldehyde; l, levoglucosane.
cutin-like material (Deshmukh et al., 2005) or other polymethylenic structures.
Aromatic Region of the HSQC Spectra: Analysis of Lignin Units
The main cross-signals in the aromatic region of the HSQC spectra corresponded to the aromatic rings of the different lignin units. Correlations from S, G, and H lignin units could be observed in the spectra of whole wood and their MWLs. The S lignin units showed a prominent signal for the C 2,6 -H 2,6 correlation at d C /d H 104/6.7, while the G units showed different correlations for C 2 -H 2 (d C /d H 111/7.0), C 5 -H 5 (d C /d H 115/6.7 and 7.0), and C 6 -H 6 (d C /d H 119/6.8). Signals corresponding to C 2,6 -H 2,6 correlations in C a -oxidized S lignin units (S#) were observed at d C /d H 107/7.3 and 107/7.2. Signals of H lignin units at d C /d H 115/6.7 and 128/7.2 for C 3,5 -H 3,5 and C 2,6 -H 2,6 respectively, were only detected in the HSQC spectra of the youngest wood sample (1 month), in agreement with the higher presence of H units shown by Py-GC-MS. An extra and well-resolved sig-nal was also detected at d C /d H 109/7.1 in this sample (in both wood and MWL) that was tentatively assigned to a G-type structure. Olefinic cross-signals of fatty acid structures with one/two double bonds, similar to those from oleic acid (d C /d H 130/5.3) and linoleic acid (d C /d H 128/5.3 and 130/5.3), were also identified ( Fig. 4) . They probably originate from the cutin-like structures mentioned in the previous section. The cross-signal of pyridine used to form the wood gels was also observed (d C /d H around 124/7.3).
Summary of Changes in Lignin Structure as Revealed by 2D-NMR
The relative abundances of the H, G, and S lignin units, and those of the main interunit linkages (referred to as per 100 aromatic units and as a percentage of the total side chains), calculated from the HSQC spectra of the whole woods and of their respective MWLs, are shown in Table V . The H-G-S composition and the S-G ratio (ranging from 1.2 in the youngest wood to 3.3 in the oldest one) are in close agreement Table II . With respect to the different linkage types, all the lignins showed a predominance of b-O-4# units (A and F; 69%-72% of total side chains) followed by b-b# resinol-type units (B; 16%-19%) and lower amounts of b-5# phenylcoumaran-type (C; 1%-5%) and b-1# spiro- Lundquist, 1987) , which were observed only in the MWL samples, ranged from 1% to 2%. Some interesting information could be obtained from the wood NMR data. First, it is clear that the changes in monolignol availability during growth influence not only the unit composition but also affect the abundances of some interunit linkages. For example, despite the relative percentage of the b-O-4# linkages remaining relatively constant with growth, their abundances per aromatic unit slightly increases (from 46 to 50 linkages per 100 aromatic units), and the same happens with the b-b# resinol-type structures (which increase from 10 to 12 linkages per 100 aromatic units), probably as a consequence of the increase of S units. Interestingly, the ratio between the abun- Table III for lignin signal assignment and Figure 5 for the main lignin structures identified. Olefinic crosssignals of unsaturated fatty acid structures (U F ) were also identified.
dances of b-O-4# and b-b# resinol-type structures seems to remain more or less constant along lignification. The spirodienone-b-1# ratio also increased during growth (from 0.8 to 3.2). In contrast, the abundance of phenylcoumaran structures decreases with lignification, which is most probably related to the decrease in G lignin observed. On the other hand, a small but continuous oxidation of the Ca of the lignin side chain (from one to four Ca oxidized b-O-4# linkages per 100 aromatic units) occurs during lignification, probably as a result of wood aging. Finally, the abundance of cinnamyl alcohol end groups decreases with lignification, as also observed by Py-GC-MS.
Hemicellulose Polysaccharides
The HSQC spectra also reveal differences in the carbohydrates present in eucalypt wood after the different growth periods, which are observed in two differentiated regions of the spectra: the aliphaticoxygenated region and the region corresponding to the anomeric correlations (Fig. 3) . The aliphatic-oxygenated region shows strong signals from carbohydrates, including naturally acetylated hemicelluloses. X 4 , and X 5 ]), which overlap with unassigned crosssignals of other pentose and hexose polysaccharide units (note that crystalline cellulose is practically "invisible" in the HSQC spectra of the wood gels due to its reduced mobility), and the C 4 -H 4 correlation for 4-O-methyl-a-D-GlcUA (U 4 ).
However, the main differences are observed in the carbohydrate anomeric region of the spectra, which have been depicted in detail in Figure 6 . The main C 1 -H 1 correlation signals in this region, which are listed in Table IV , were assigned according to Kim and Ralph (2010) , together with some additional references for pectin (Ha et al., 2005; Golovchenko et al., 2007 , Hedenströ m et al., 2008 . Cross-signals from arabinans (Ar 1 and Ar 1(T) ), mannans (M 1 ), galactans (Ga 1 ), xylans (X 1 , aX 1(R) , and bX 1(R) ), and glucans including noncrystalline cellulose (Gl 1 ), as well as signals from O-acetylated mannans and xylans (M# 1 and X# 1 ) and from the 4-O-methyl-a-D-glucuronic (U 1 ) and galacturonic (UGA 1 ) acids (the latter forming part of pectin as the methyl ester) are readily apparent and well resolved in this region of the spectra. A small signal of a-Rha (R 1 ) units was also observed, especially in the 18-month-old wood. Interestingly, the signals of arabinans, mannans, and galactans, which are observed in Table III . Assignments of the lignin 13 C-1 H correlation signals in the HSQC spectra of E. globulus wood at the different growth stages and their isolated MWLs 113.2/6.27 C 2# H 2# in spirodienone substructures (D) H 3,5 114.9/6.74 C 3,5 -H 3,5 in p-hydroxyphenyl units (H) G 5 /G 6 114.9/6.72 and 6.94; 118.7/6.77 C 5 -H 5 and C 6 -H 6 in guaiacyl units (G) D 6# 118.9/6.09 C 6# H 6# in spirodienone substructures (D) H 2,6 128.0/7.23 C 2,6 -H 2,6 in p-hydroxyphenyl units (H) important amounts in the youngest wood sample, drastically decrease during maturation, while the spectra of the oldest samples are progressively enriched in xylan moieties. Ara and Gal polymers are often associated with pectins. Therefore, the high amounts of these sugars, together with methyl galacturonate (UGA 1 NMR signal), in the youngest wood samples may reflect the higher content of pectin (Coetzze and Wolfaart, 2010) . During the subsequent E. globulus growth, a positive correlation was found between the increases of lignin S-G ratio and the content of xylan (or the decrease of arabinogalactan), similar to that reported during within-tree variation studies in E. camaldulensis and E. globulus (Ona et al., 1997) . From the intensities of the corresponding carbohydrate cross-signals in the spectra, it was possible to estimate that one of each two Xyl units bears one acetate group on average occupying the C2 (approximately 60% of units) or C3 (approximately 40%) position (of monoacetylated and diacetylated xylan units). 4-O-Methylglucuronic acid xylan branches seem to be less abundant (one for each eight Xyl units on average). Interestingly, the acetylation and 4-Omethylglucuronic acid substitution degree in xylan remain constant during growth. These results basically agree with studies on hemicelluloses (xylans and other polysaccharides) isolated from adult eucalypt woods (Shatalov et al., 1999; Evtuguin et al., 2003; Lisboa et al., 2005) . Additional studies, required to complete the assignment of the HSQC cross-signals of carbohydrates in the eucalypt wood gels, are outside the scope of this paper. However, the in situ analysis presented here provides a global picture of the composition of the hemicellulose fraction in E. globulus wood and its variation during tree growth, without isolating the individual polysaccharides.
Thioacidolysis of the Isolated Lignins
To obtain additional information about the units involved in different linkages of the lignin structure, the MWLs isolated from the E. globulus woods at the different growth stages were also studied by thioacidolysis. The degradation products were then subjected to a Raney-nickel desulfurization and the products obtained were analyzed by GC-MS. The chromatogram of the trimethylsilylated products of a representative eucalypt wood MWL sample (from 1-month wood) is shown in Figure 7 . The compounds were identified according to previously reported mass spectra (Lapierre et al., 1991; Saito and Fukushima, 2005; Rencoret et al., 2008; del Río et al., 2009) . The structures of the main compounds identified are shown in Figure  8 , and their mass spectral data are summarized in Table VI . The yield of thioacidolysis monomers increased from the 1-month to the 9-year samples (1,450-2,920 mmol g 21 ). The low amounts of monomers released from the 1-month sample were probably due to the presence of cutin-like material coextracted or chemically bound to the lignin, as shown by NMR, whose presence was especially high in this MWL sample. The molar composition of the H, G, and S thioacidolysis monomers in the different MWLs is provided in Table  VII . It showed a predominance of S over G units in the etherified eucalypt lignin and the nearly complete absence of H units. The abundances of S units in the etherified lignin (over 80%-87%) are higher than in the total lignin, as shown by NMR (56%-76%) and Py-GC-MS (55%-75%) analyses, confirming that the etherlinked lignin is enriched in S units. Possibly, because of this high abundance of S units in etherified lignin, no further enrichment was observed in the lignins isolated during tree growth. The dimers recovered after thioacidolysis provide information on the various carbon-carbon and diaryl ether linkages, referred to as the "condensed" bonds (including 5-5#, 4-O-5#, b-1#, b-5#, and b-b#; Lapierre et al., 1991 Lapierre et al., , 1995 . The relative molar percentages of the different dimers released from the MWLs are shown in Table VIII . The main dimers obtained were of 5-5# (dimers 5-7), 4-O-5# (8 and 10), b-1# (9, 11, 13, 16, 18, and 26), b-5# (12, 14, 17, and 23), b-b# tetralin (15, 19-22, and 25) , and phenylisochroman (24 and 27-29; including b-1#/a-O-a# bonds) types (Fig. 8) .
The compounds with b-b# (tetralin) structures were the most prominent dimers released, accounting from 39% to 52% of the total identified dimers. The high proportion of tetralin-type dimers was in agreement with the high amounts of b-b# resinol substructures observed by 2D-NMR. Interestingly, the relative abundances of the tetralin dimers, with respect to the other condensed structures, increase with lignification. More interestingly, most of the b-b# dimers released from the different eucalypt lignins were of syringaresinol type, pinoresinol being completely absent, and the G-S resinol structure appearing only in trace amounts (Table VIII) . The fact that b-b# resinol structures are made almost exclusively of S units explains their increase during lignification due to the parallel increase of S units. The relative abundances of the b-1# dimers were anomalously prominent (around 26% of the total dimeric structures) in comparison with other lignins (Lapierre et al., 1995; Ralph et al., 2004a) . Although the total relative abundance of b-1# dimers Figure 6 . Carbohydrate anomeric regions (d C /d H 90-110/3.5-6.0 ppm) of HSQC NMR spectra of the E. globulus wood samples at different growth stages after forming a gel in DMSO-d 6 :pyridine-d 5 (4:1). The assignments of the carbohydrate signals are listed in Table IV. Figure 7 . Chromatogram of the thioacidolysis degradation products (after Raneynickel desulfurization) of a representative MWL from E. globulus wood (at 1 month of growth) as trimethylsilyl derivatives. The numbers refer to the compounds (monomers and dimers) listed in Table VI , and the corresponding chemical structures are shown in Figure 8 . I.S. refers to octadecane used as an internal standard.
was not modified during maturation, the distribution among the different dimeric structures changed, with an increase of structures having two S units, in agreement with the parallel enrichment of S lignin. The b-5# dimers were also released in important amounts from the different MWLs (ranging from 20% to 11% of total dimeric structures) and, in agreement with the HSQC spectra, their abundances decrease with maturation, paralleling the decrease of G units. The 5-5# dimeric structures, which are considered mostly as being degradation products of dibenzodioxocins and which could not be detected in the HSQC spectra, were found in very small amounts in all the samples (ranging from 2% to 5% of all dimeric compounds), and their content also decreased with maturation, paralleling the decrease of G units. Finally, some trimeric compounds were identified among the thioacidolysis degradation products as being formed by addition to the b-b# tetralin dimers described previously (compounds 20, 22, and 25) of a G lignin unit linked by a 4-O-5# ether bond (S-b-b#-S#-4#-O-5##-G## trimers).
Three isomers of this trimeric structure, which were previously reported in Eucalyptus wood , were detected, as also occurred with the corresponding dimers, and their relative abundances also increased during growth due to the progressive enrichment of S lignin units.
CONCLUSION
This study reports, to our knowledge for the first time by in situ analyses, how the composition and structure of lignin and hemicelluloses in E. globulus wood change during plant growth. This was possible by the use of Py-GC-MS, which gives information about the H-G-S composition of the lignin in woods, and by a very recent spectroscopic methodology that combines the high resolution of 2D-NMR with spectra acquisition of the whole wood at the gel stage (by "swelling" in DMSO-d 6 :pyridine-d 5 [4:1]), thus enabling the simultaneous analysis of both types of Figure 8 . Structures of monomeric and main dimeric compounds obtained after thioacidolysis and Raney-nickel desulfurization of the MWLs isolated from the E. globulus wood samples at different growth stages. All mass spectral data of the compounds (as trimethylsilyl derivatives) are listed in Table VI. polymers without the problems often associated with isolation (such as low yield, structural modification, and the presence of contaminating molecules).
The data obtained indicated that not only the lignin content increases with growth but that its composition changes with maturation, the order of monolignol deposition being H, G, and then S at a late stage. The enrichment of S lignin with respect to G and H lignin during lignification also affects the abundance of the different interunit linkages forming the lignin structure. Thus, a decrease of b-5# phenylcoumaran and 5-5# biphenyl substructures occurred during lignification, paralleling the decrease in G units, and a small increase of b-O-4# alkyl-aryl ether substructures was produced, paralleling the enrichment of S units. b-O-4# alkyl-aryl ether are the major substructures in eucalypt lignin (69%-72% of side chains) together with b-b# resinol substructures (16%-19% of side chains), which interestingly were almost exclusively of the syringaresinol type. On the other hand, open b-1# structures were detected in addition to spirodienones, the abundance of the latter increasing during growth. Finally, a small but continuous oxidation of the Ca of the lignin side chain, together with a decrease of cinnamyl alcohol end groups, was also observed as lignification proceeds.
Moreover, significant changes in hemicellulose during eucalypt growth were also shown by the HSQC spectra of the wood gels, including increases of xylosyl (which appeared 50% acetylated) and 4-O-methylglucuronosyl cross-signals, and strong decreases of those of arabinosyl, galactosyl, and methyl galacturonosyl units (the latter originating from pectin-like polymers). Although more work is required for a complete as- Table VI . Identification and mass spectral fragments of the compounds (silylated monomers and dimers) released after thioacidolysis and Raney-nickel desulfurization of MWLs from the different E. globulus woods analyzed, whose structures are depicted in Figure 8 Linkage type and molecular weight (MW) are indicated, in addition to main mass fragments (the base peaks are underlined). m/z, Mass-to-charge ratio. b-5# (G-G) 460, 445, 251, 236, 209, 207,179, 73 460 13 b-1# (G-G, -OH) 520, 505, 417, 311, 223, 209, 179, 149, 73 520 14 b-5# (G-G, -OH) 562, 472, 352, 263, 209, 191 signment of all the polysaccharide signals in the wood gels, the results obtained showed that not only changes in lignin structure and composition but also the evolution of polysaccharides during plant growth can be followed in situ (without time-consuming and problematic polymer isolation) by the use of 2D-NMR in combination with other techniques.
MATERIALS AND METHODS

Wood Samples
Samples from a selected Eucalyptus globulus clone (334-1-AR) at different stages of growth (1 month, 18 months, and 9 years) were provided by the Grupo Empresarial ENCE pulp mill in Pontevedra, Spain, as representative of clonal plantation trees used for paper pulp production. Whole stems of 1-month-old plants, and previously debarked 18-month-old and 9-year-old eucalypt wood chips, were air dried and milled using an IKA cutting mill. The milled samples were successively extracted with acetone in a Soxhlet apparatus for 8 h and then with hot water (3 h at 100°C). Klason lignin was estimated as the residue after sulfuric acid hydrolysis of the preextracted material according to Tappi procedure T222 om-88 (Tappi, 2004) . The protein content in the Klason lignin was determined from the nitrogen content (Kjeldahl method) using a 6.25 factor (Darwill et al., 1980) . The acid-soluble lignin was determined at 205 nm after the insoluble lignin was filtered off.
Monosaccharide composition of the above wood hydrolysate was determined using a Dionex HPLC system (ICS 3000) equipped with a Dionex AS autosampler, a GP40 gradient pump, an anion-exchange column (Dionex CarboPac PA1), an ED40 electrochemical detector, and different monosaccharide standards. The total uronic acids in the hydrolysate were measured colorimetrically at 520 nm (Blumenkrantz and Asboe-Hansen, 1973) . The distribution of amorphous (hemicellulose) and crystalline (cellulose) glucan was calculated by treating the wood with a weak acid, trifluoroacetic acid, and analyzing the hemicellulose sugars, as alditol acetates, by GC-MS with inositol as an internal standard (Albersheim et al., 1967) . The residue was washed with the Updegraff (1969) reagent, stripped of further hemicelluloses and amorphous glucan, and totally hydrolyzed with sulfuric acid (Selvendran and O'Neill, 1987) , and Glc was quantified by the anthrone assay. Ash content was estimated as the residue after 6 h at 575°C. Two or three replicates were used for each sample.
MWL Isolation
The MWLs were obtained according to the classical procedure (Bjö rkman, 1956) . Extractive-free ground wood (prepared as above) was finely ball milled in a Retsch PM100 planetary mill (50 h at 300 rpm for 30 g of wood) using a 500-mL agate jar and agate ball bearings (20 3 20 mm). The milled wood was submitted to an extraction (43 24 h) with dioxane:water (9:1, v/v; 5-10 mL solvent g 21 milled wood). The solution was centrifuged, and the supernatant was evaporated at 40°C under reduced pressure. The residue obtained (raw MWL) was redissolved in acetic acid:water (9:1, v/v; 20 mL solvent g 21 raw MWL). The solution was then precipitated into water, and the residue was separated by centrifugation, milled in an agate mortar, and dissolved in 1,2-dicloromethane:ethanol (1:2, v/v). The mixture was then centrifuged to eliminate the insoluble material. The resulting supernatant was precipitated into diethyl ether, and the obtained residue was separated by centrifugation. This residue was then resuspended in petroleum ether and centrifuged again to obtain the purified MWL, which was dried under a current of N 2 . The final yields ranged from 10% to 15% based on the Klason lignin content of wood.
Py-GC-MS
Pyrolysis of the different woods and their MWL samples (approximately 100 mg) was performed with a 2020 microfurnace pyrolyzer (Frontier Laboratories) connected to an Agilent 6890 GC-MS system equipped with a DB-1701 fused-silica capillary column (30 m 3 0.25 mm i.d., 0.25-mm film thickness) and an Agilent 5973 mass selective detector (electron impact at 70 eV). The pyrolysis was performed at 500°C. The GC oven temperature was programmed from 50°C (1 min) to 100°C at 30°C min 21 and then to 290°C (10 min) at 6°C min 21 . Helium was the carrier gas (1 mL min 21 ). The compounds were identified by comparing their mass spectra with those of the Wiley and National Institute of Standards and Technology libraries and those reported in the literature (Faix et al., 1990; Ralph and Hatfield, 1991) . Peak molar areas were calculated for the lignin degradation products, the summed areas were normalized, and the data for two repetitive analyses were averaged and expressed as percentages. No attempt was made to calculate the response factor for every single compound released. However, for most of the ligninderived phenols, the response factors were nearly identical (Bocchini et al., 1997) , with the exception of vanillin, but this was a minor peak here.
2D-NMR Spectroscopy
For the NMR of the whole wood, around 100 mg of finely divided (ballmilled) extractive-free wood samples was swollen in DMSO-d 6 :pyridine-d 5 (4:1, v/v), according to the method developed by Kim and Ralph (2010) . In the case of the MWL, around 40 mg of MWL was dissolved in 0.75 mL of DMSO-d 6 .
2D-NMR HSQC spectra were recorded at 25°C on a Bruker AVANCE 500-MHz spectrometer fitted with a cryogenically cooled 5-mm gradient probe with inverse geometry using Bruker's standard pulse sequence "hsqcetgpsisp2.2" (i.e. with adiabatic pulses). The spectral widths were 5,000 and 25,154 Hz for the 1 H and 13 C dimensions, respectively. The number of collected complex points was 1,000 for the 1 H dimension (acquisition time, 200 ms), with a recycle delay of 500 ms. The number of transients was 100, and 400 time increments were recorded in the 13 C dimension (for an F1 acquisition time of 8 ms). The 1 J CH used was 145 Hz. Processing used typical matched Gaussian apodization in 1 H (F2) and a squared cosine bell in 13 C (F1). Prior to Fourier transformation, the data matrices were zero filled up to 1,024 points in the 13 C dimension. The central solvent peak was used as an internal reference (d C /d H 39.5/2.49).
A semiquantitative analysis of the integrals of the HSQC correlation contour intensities was performed (Heikkinen et al., 2003; Zhang and Gellerstedt, 2007) . Integration was performed separately for the different regions of the spectra. In the aliphatic oxygenated region, the various interunit linkages were estimated from C a -H a correlations, except for structures E and F described below, where C b -H b correlations were used, and structure I, where C g -H g correlations were used, and the relative abundances of side chains involved in different substructures and terminal structures were calculated (with respect to total side chains). In the aromatic region, 13 C-1 H correlations from the different lignin units were used to estimate the H-G-S composition and the S-G ratio.
Thioacidolysis and Raney-Nickel Desulfurization
Thioacidolysis of 5-mg samples of MWL was performed as described by Rolando et al. (1992) Table V and Fig. 8 ) released after thioacidolysis (and Raney-nickel desulfurization) of the MWLs isolated from E. globulus wood at different growth stages
The reaction products were extracted with CH 2 C1 2 , dried, and concentrated. Two-hundred microliters of the CH 2 Cl 2 solution containing the thioacidolysis products was desulfurized as described by Lapierre et al. (1991) . GC-MS analyses were performed in a Varian Star 3400 coupled to an ion-trap detector (Varian Saturn 2000) using a DB-5HT fused-silica capillary column from J&W Scientific (30 m 3 0.25 mm i.d., 0.1-mm film thickness). The temperature was programmed from 50°C to 110°C at 30°C min 21 and then to 320°C (13 min) at 6°C min 21 . The injector and transfer line were at 300°C; the injector was programmed from 120°C (0.1 min) to 380°C at 200°C min 21 . Helium was the carrier gas (2 mL min 21 ), and octadecane was used as an internal standard. Dimer identification was based on previously reported mass spectra (Lapierre et al., 1991; Saito and Fukushima 2005; Rencoret et al., 2008; del Río et al., 2009) and mass fragmentography.
